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Abstract 
Atmospheric pressure plasma deposition (APPD) of nano-crystalline graphite 
films on titanium substrate from a predominantly ethanol liquid phase was carried out 
under varying applied voltage. A thorough study of the plasma electrolytic deposition 
mechanisms has been performed. The investigation of the composition, structural 
properties, and the morphology of these graphite coatings have been performed by 
visible and UV Raman spectroscopy, X-Ray Photoelectron Spectroscopy, Scanning 
Electron Microscopy and EDAX elemental analysis. The experimental evidence of 
the reduction of the work function and the enhancement of the plasma intensity with 
the presence of the carbon film has been reported. These properties make such nano-
crystalline graphite coatings very attractive for the production of inexpensive cold 
cathodes for electronics and plasma devices. 
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1 Introduction 
Nano-crystalline films have been the subject of huge scientific and 
technological efforts over the past two decades due to their interesting physico-
chemical, mechanical and electrical properties. The deposition of different structures 
of carbon (nano-crystalline graphite, diamond-like carbon, carbon nanotubes) has 
especially attracted much interest among the scientific community. These kinds of 
film present numerous feasible applications in electronics, mechanics, gas storage, 
biomedical engineering,… Nano-crystalline graphite films are especially very 
attractive in high field emission devices in electronics and plasma technology. These 
films are indeed very promising for this application due to their stability to 
bombardment with gas ions, their chemical inertness, their high electrical conductivity 
and the possibility to reduce significantly the work function of the cathode [1,2]. The 
use of field emission effect (in cold cathode devices) for the production of electron 
beams is very advantageous because of the absence of energy losses for the electron 
excitation (contrary to thermionic emission devices) and the narrow energy 
distribution of the emitted electrons.  
In our process, the basic idea is to produce nano-carbon films on metals. The 
use of a metal substrate retains good mechanical strength while enhancing the field 
emission with the graphite coating. An atmospheric pressure plasma deposition 
process (APPD) has therefore been developed for the production of nano-graphitic 
coating on metals. This process has already been described thoroughly [3,4] and 
combines galvanic processes and plasma-chemical phenomena. Unlike other plasma 
deposition techniques, the process occurs in liquid precursors and the plasma is 
confined to the cathode in a superheated vapour sheath surrounded by the liquid 
phase. This method, previously used in anodic configuration for the deposition of 
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oxide films [5-8] allows (in cathodic configuration) the production of a wide range of 
films, such as carbon, titanium and silicon. The basic deposition mechanisms 
responsible of the formation of carbon films with this plasma device have not yet been 
clearly studied and understood. The main objective of this study is to get a clear 
knowledge of the different physico-chemical processes leading to the deposition of an 
adherent crystalline carbon coating. 
This paper deals with the structure, composition and morphology of the carbon 
films produced by APPD, the plasma deposition mechanisms responsible of the 
formation of this structured carbon coating and the field emission properties of these 
films. In addition a first part describes the experimental set-up, the basic 
phenomenological mechanisms occurring during this process and the optimised 
experimental conditions used for the production of these carbon films. 
2 The experimental set-up 
The plasma electrolytic reactor is composed of a jacketed glass vessel with an 
inner volume of 1 litre (figure 1). This vessel is cooled by a water flow in order to 
control and adjust the temperature of the liquid solution. A set of electrodes is 
maintained within the liquid solution by two copper and stainless steel supports which 
also allow connection to the electrical power supply. The length of the centred 
cathode is adjusted at 10 mm using a 100 mm long Teflon shield. The cathode is a 
3.1 mm diameter metallic rod composed either of Cu, Al or Ti. The surrounding 
anode is a 40 mm inner diameter cylinder composed of graphite to avoid any 
oxidation of the anode and any metallic deposition of anodic element on the cathode. 
This plasma reactor works at atmospheric pressure and is blanketed by a continuous 
flow of nitrogen to avoid any flames or explosion within the glass vessel. The reactor 
is powered by a DC power supply (Bertran 105-02R) with a maximum voltage of 
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2000 V, a maximum power output of 1kW and a maximum current intensity of 500 
mA. The applied voltage needed to achieve the vapour sheath around the cathode and 
initiate a stable glow discharge all along the cathode mainly depends on the 
composition of the solution and its conductivity. This voltage changes from 600 to 
1200 V. The current density at the cathode is normally around 0.25-0.5 A cm-2. The 
temperature of the solution and the pressure within the reactor are measured during 
the process using a conventional mercury thermometer and a manometer. To 
understand the dissociation mechanisms occurring during the process, the electrolyte 
solution is sampled in-situ and analysed afterwards by GC-MS, FT-IR and Raman 
spectroscopy [3]. This sample system is composed of a capillary tube (1 mm inner 
diameter) immersed in the solution and a septum screwed to the glass tube through a 
Teflon connection. A syringe is used to carry out the sampling through the tube which 
is then flushed by nitrogen after each sampling. To keep the same volume of solution 
during the tests, a condenser, cooled by water flow, has been installed at the top of the 
reactor. An external solution tank, pressurised with nitrogen, has also been installed 
and connected to the plasma reactor by a 3 mm inner diameter Teflon tube in order to 
add a given quantity of solution during the process. 
The analysis of the structure and composition of the carbon films produced 
with the APPD process has been carried out by UV and visible Raman spectroscopy. 
Visible Raman spectra of the solid samples were measured using the 633 nm HeNe 
laser line of a Renishaw Raman microscope with 50x objective, which gave 8 mW 
power at the sample. The UV Raman spectra have been performed with a Renishaw 
RM2000 Raman spectrometer equipped with a computer controlled stage and a Leica 
UV capable metallurgical microscope. A HeCd laser, Kimmon model 1K, 325 nm 
excitation line provided the incident radiation and the power at the sample was 5 mW. 
 5
The analysis of the morphology and composition of the samples was 
performed by Scanning Electron Microscopy (SEM) using an FEI Quanta 200 
Environmental SEM.  Surface analysis was carried out on the films without further 
preparation.  EDX elemental analysis has also been performed with the same analytic 
system.  
X-ray photoelectron (XPS) analyses have also been carried out on the carbon 
films to get knowledge of the composition, chemical bonds and relative proportions of 
the different elements. Data was acquired using a Kratos Axis ULTRA X-ray 
Photoelectron Spectrometer incorporating a 165 mm hemispherical electron energy 
analyser.   The incident radiation was Monochromatic Al X-rays (1486.6 eV) at 
150 W (15 kV, 10 ma). Survey (wide) scans were taken at an analyser pass energy of 
160 eV and multiplex (narrow) high resolution scans at 20 eV. Survey scans were 
carried out over 1200-0 eV binding energy range with 1.0 eV steps and a dwell time 
of 100 ms.  Narrow high-resolution scans were run with 0.1 eV steps and 250 ms 
dwell time. Base pressure in the analysis chamber was 1.0x10-9 torr and during 
sample analysis 1.0x10-8 torr. 
3 The optimised experimental conditions 
A number of experimental tests, in which the different operating parameters 
(solution composition, anode and cathode composition, electrode geometry, applied 
voltage, temperature) were varied, have been carried out to optimise the quality of the 
films and get the best structure, homogeneity and adherence for the films.  
The solution used for our study was composed of ethanol (96 % vol.), 
phosphate buffer (4 % vol.) and potassium chloride (0.2 mol/l). We used 250 ml of 
solution for each test. The phosphate buffer was employed to adjust the pH of the 
solution to 7. Potassium chloride was added to the solution to adjust the conductivity 
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of the solution, thus allowing the production of the vapour sheath, and to avoid 
saturation of the power supply. The conductivity of this solution was then equal to 
163 μS cm-1. 
The best film quality has been obtained using a cylindrical configuration. The 
cathode diameter and length are then equal respectively to 3 and 11 mm. The anode 
diameter is equal to 40 mm. The tip of the cathode was placed at 10 mm from the 
bottom of the anode in order to get a quite continuous electric field along the 
substrate. 
The anode was composed of graphite to avoid any deposition (by cataphoresis 
or electrophoresis) of oxide or anodic metal on the cathode. Three materials were 
tested for the cathode: Al, Cu and Ti. We will present here only the results obtained 
using the Ti cathode since the films produced with this material present the best 
adherence (very poor adherence using a Cu cathode) and homogeneity. We have 
worked with voltages between 900 V and 1200 V which allowed us to produce a 
continuous and stable plasma discharge all along the substrate. For voltages below 
900 V, the surface is not covered entirely by the plasma discharge.  For voltages 
higher than 1200 V, the high intensity and temperatures of the plasma discharge 
induce the melting of the substrate and the destruction of the film. 
The temperature of the process was adjusted by the water flow within the 
jacketed glass vessel and maintained at around 343 K (vaporisation temperature of 
ethanol) during operation. 
The substrates were polished with SiC paper and rinsed with water, acetone 
and ethanol before each test. The polishing achieves a smooth surface and removes 
the natural oxide layer that may impinge on the initiation of the plasma discharge. 
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4 Basic phenomenological mechanisms of the cathodic plasma 
deposition process 
The basic principle of the cathodic plasma electrolytic process is to apply a 
high DC voltage between two electrodes immersed in an electrolyte solution. This 
process operates at atmospheric pressure. The cathode surface area being twelve times 
lower than the anode surface area, the electric field is mainly concentrated near the 
cathode inducing a strong Joule heating in the vicinity of this electrode. Figure 2 
shows the evolution of the voltage and current, as well as a representation of the 
different physical phenomena occurring at each step of the process. A vapour sheath 
is then created around the cathode insulating this electrode from the liquid electrolyte 
solution (area AB). As the electrical conductivity of this vapour sheath, composed of 
a cluster of gas bubbles, is much lower than the electrical conductivity of the solution, 
once the vapour sheath is formed, the main voltage drop occurs within the gas phase, 
inducing a strong electric field within the separated bubbles (point B). Between C and 
D, the thickness of the vapour sheath increases. If the applied voltage is sufficiently 
high, the high electric field within the bubbles will induce the ionisation of the gas 
and the electronic avalanche process leading to the electric breakdown of the gas and 
the initiation of a plasma discharge within the bubble (point D). The surface area of 
the plasma discharges stretches along the substrate during the phase DE. At point E, 
the cathode surface is entirely covered by several plasma micro-discharges. 
5 Structure, composition and morphology of the carbon films 
The structure, composition and morphology of the carbon films produced with 
the APPD process have been analysed by SEM, XPS and Raman spectroscopy as a 
function of the operating parameters (applied voltage and treatment time). These films 
are black in colour and present a good adherence to the substrate as well as a good 
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homogeneity along the substrate for an operating voltage between 900 and 1200 V. 
The analysis of these carbon films allows a clearer understanding of the dissociation 
and deposition mechanisms in this process. Changing the applied voltage will indeed 
have a strong influence on the ionisation states within the plasma discharge, the 
plasma temperatures and the ion energies, which will then affect drastically the 
structure and composition of the carbon films. 
5.1 Structure and composition of the carbon films 
The carbon samples were first analysed by visible Raman spectroscopy. 
Figure 3 presents the Raman spectra for the films produced at 900 V, 1000 V and 
1200 V. We can observe the presence of the D and G peaks placed respectively at 
around 1327 and 1590 cm-1, which are characteristic of disordered graphite films [9]. 
Table 1 summarizes the position of these two peaks, the intensity ratio ID/IG and the 
full width half maximum (FWHM) of the G peak, as a function of the applied voltage. 
The width of the G peak exceeds 50 cm-1 in all cases,revealing that the size, La, of the 
graphite crystallites is around or lower than 1 nm [9]. In this range of crystallite size, 
it has been demonstrated that the intensity ratio varies according to the relation: 
2
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with c equal to around 0.0055 (for La in Angstrom). 
From the values given in table 1, it is then possible to estimate the mean grain 
size of the graphite crystallites. La is then respectively equal to 1.71, 1.5 and 1.78 nm 
at 900, 1000 and 1200 V.  
The carbon films produced with the APPD process are therefore composed 
predominantly of nano-crystalline graphite grains. The position of the G peak at 
around 1590 cm-1 is also a feature of nano-crystalline graphite films [9, 10]. The 
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effect of applied voltage on the structure of the films is mainly on the crystallite size. 
We can then notice from table 1 a minimum value for La at 1000 V due to the increase 
of the sp3 bonded carbon. Indeed, the analysis of the carbon films by UV Raman 
reveals the presence of another peak placed at 1000 cm-1, called the T peak, which 
corresponds to the presence of sp3 bonds (figure 4). We can see that, although the 
intensity of this peak is relatively low at 900 V and 1200 V, it increases significantly 
at 1000 V. Ferrari et al have constructed a graph relating the intensity ratio ID/IG to sp3 
content [10]. From this graph, we are then able to estimate approximately the sp3 
carbon content in the films currently produced. This content is then equal to around 0 
% at 900 V and 1200 V and reaches around 5 % at 1000 V.  
These results are confirmed and completed by the XPS analyses. Table 2 
reveals that all three samples are composed of C, O, K, Cl and Ti but in different 
concentrations. Figure 5 represents the C1s peak and its deconvolution for each 
sample. Table 3 summarizes the nature, position and relative concentration of the 
different carbon peaks detected after deconvolution of the C1s peak. The position and 
relative concentration have been obtained by fitting the experimental spectrum with 
several Gaussian functions.  
We can observe the presence of Ti at low concentration for each of the three 
applied voltage indicating that the substrate has been sputtered by the ion flux or 
melted by the high temperature induced during the micro-discharge stage. The 
concentration of potassium (coming from the salt) increases significantly from 6.4 % 
at 900 V to 20 % at 1000 V. As the voltage increases, we increase the effective 
surface of the plasma discharge on the substrate and consequently the ionic 
implantation rate on the substrate. Increasing the voltage from 900 V to 1000 V may 
also enhance significantly the energy of K+ ions and then further the implantation of 
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these ions at the surface of the pre-deposited carbon films. The concentration of 
detected potassium does not increase beyond 1000 V: the reason for this is that, the 
ion energy being higher, the depth penetration of the ions increases [11] and exceeds 
the XPS depth resolution: the maximum ionic concentration at 1200 V is then further 
than the XPS depth analysis limit. We can then observe a decrease of the measured 
concentration of potassium at the surface at 1200 V.  
The two most significant points are the evolution of the C and O 
concentration. The carbon film produced at 900 V is mainly composed of graphite (C 
sp2 peak at 284 eV) and 10 % of oxygen bonded to carbon through hydroxyl or ether 
group (C-OR at 286 eV), carbonyl groups (C=O at 288 eV) and carboxyl groups (O-
C=O at 289 eV). Moreover, this film is composed of a low concentration of polymer 
like carbon (peak at 287 eV). The peak observed at 285.2 eV corresponds to sp3 
carbon or disordered graphite. The measurements by Raman spectroscopy have 
indeed revealed a structure mainly composed of sp2 carbon and a low concentration of 
sp3 bonds, lower than 5 %. In our case, the C1s peak at 285.2 eV is thus especially the 
feature of disordered graphite (sp2 carbon bonds). 
The effect of the increasing voltage is essentially to induce disorder in the 
graphite crystallites. Indeed, the amount of well-ordered graphite (C2 peak) has 
decreased significantly with the increasing voltage, from around 60 % at 900 V to 
20 % at 1000 V and 16 % at 1200 V. In parallel, the concentration of disordered 
graphite has been enhanced significantly from around 24 % at 900 V to nearly 46 % at 
1000 V and 60 % (peaks at 283.6 and 285.2 eV) at 1200 V. The formation of 
disorders and defects in the graphite crystallites may be due to the ionic implantation 
in the carbon films (especially the potassium ions) which rises with the applied 
voltage and the ion energy. It has been demonstrated [11] that the amount of 
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hole/interstitial atom pairs (carbon atoms displaced in a crystalline interstitial site by 
the incident ions) rises drastically with the increasing ion energy, which induces a 
large amount of disorder within the irradiated film. 
The proportion of oxidised carbon, bonded to oxygen by carbonyl, carboxyl, 
hydroxyl or ether groups, is then enhanced significantly (table 3) from 15.3 % at 
900 V to 33.7 % at 1000 V. This is confirmed in table 2 by the sharp increase of 
oxygen concentration at the surface of the film. In a previous paper, we have 
demonstrated [3] that the plasma discharge is responsible of the creation of numerous 
reactive carbonaceous radicals, leading to the formation of reaction by-products. 
These radicals, formed mainly by hydrogen abstraction range, from simple methyl 
radicals to complex radicals containing hydroxyl, ether, carbonyl or carboxyl groups 
(coming from the decomposition of by-products or re-combination processes). As 
these carbonaceous radicals are produced at the vicinity of the cathode, the heated 
substrate surface provides an anchorage to the complex radicals leading to the 
formation of a partially oxidised carbon film. The observation of the complex 
oxidised structure observed by XPS is thus in good agreement with the reaction 
scheme proposed in reference [3] and confirms the first assumption that these 
carbonaceous radicals are adsorbed at the surface of the film. As described in this 
reference, the concentration of carbonaceous radicals and their complexity grows with 
the increasing voltage and gets huge for voltages higher than 900 V. This mechanism 
explains the dramatic rise of oxidised carbon present in the film from 900 V to 1000 
V.   
The concentration of oxidised carbon decreases from 33.7 % at 1000 V to 23.7 
% at 1200 V. At 1200 V, the adsorption of carbonaceous radicals is balanced by the 
high temperature provided by the plasma discharge. As described in [12], the different 
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abnormal glow micro-discharges created all along the substrate have sufficient high 
temperatures and frequencies to overheat the substrate up to the red colour 
corresponding to a temperature between 750 and 1000 K (Wien’s law). At high 
voltage, the plasma discharge induces therefore the thermolysis of the oxidised carbon 
present in the film leading to a decrease of the oxygen concentration. As we can see in 
table 3, the concentration of all the different oxidised carbon groups (hydroxyl or 
ether, carbonyl and carboxyl) have diminished at 1200 V due to the high temperature 
of the substrate.  
5.2 Morphology of the carbon films 
Figures 6 and 7 show the morphology of the carbon films produced at 900 V, 
1000 V and 1200 V with a treatment time of 2400 s. Figure 8, representing the cross 
sections of the films produced at 900 and 1000 V, reveals that the films are very dense 
with a low porosity. The thickness of the films dramatically increases with the 
voltage, from 5-10 μm at 900 V to around 15 μm at 1000 V. One of the effects of the 
voltage is thus to increase the deposition rate of the carbon film. We have deduced 
from the XPS measurements that the increasing voltage enhances the ion implantation 
at the surface of the substrate. The second option is that the electric field is enhanced 
significantly within the bubble, leading to a dramatic increase of the electron and ion 
energy within the bubble and of the electron emission (by ion collision or field 
emission). As the particle’s energy and emission increase, there will be an increase in 
the collision frequency and then the dissociation and ionisation processes (further by 
the high operating pressure) leading to the formation of a dense ionised plasma and to 
an increasing plasma temperature [13,14]. This is characterised by the increase of the 
current density with the voltage as observed in the voltage-current characteristics (part 
E in figure 2). The plasma discharge presents a diffusive form with the physical and 
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electrical features similar to an abnormal glow discharge, which is a plasma discharge 
close to equilibrium with high temperature for neutral and ionic species. The 
increasing temperature will increase the chemical reaction rate and the vaporisation 
rate and consequently the amount of radical, ionic and solid species deposited, 
adsorbed or implanted in the material. The dissociation and deposition processes will 
be described in the following part. 
The carbon films produced with this technique present a rough surface looking 
like the result of the fusion of micro-particle clusters. This surface is then composed 
of a large quantity of crevices and micro-buckles. We can notice an increase of the 
roughness of the films from 1000 V to 1200 V, with higher carbon accumulation, a 
consequence of the graphitisation process occurring at 1200 V. The morphology is 
quite similar between the two films produced at 900 V and 1000 V. 
The main effect of the voltage on the morphology and micro-structure of the 
carbon films is thus to increase the thickness of the films (by the increase of the 
implantation, dissociation/ionisation and vaporisation processes) and to enhance their 
roughness. 
The EDX spectra of the three samples are quite similar. Figure 9 shows the 
spectrum obtained on the cross section of the film produced at 1000 V. In accordance 
with the XPS measurements, we can see that the films are especially composed of 
carbon and oxygen with a low amount of potassium and titanium. These 
measurements confirm the fact that the titanium substrate is sputtered or melted by the 
highly ionised plasma discharge. 
The effect of the treatment time on the morphology is important, comparing 
figures 6c and 10 which correspond to carbon films produced at 1200 V respectively 
during 2400 s and 1200 s. We can notice a significant increase of the roughness and 
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the concentration of crevices and micro-buckles with the treatment time.  
 
6 Summary of the deposition mechanisms 
6.1 The plasma deposition processes 
The different analysis carried out on the carbon films enable us to understand 
more clearly the deposition and plasma mechanisms leading to the formation of nano-
crystalline graphite films. We have demonstrated in a former paper that the plasma 
glow discharge is responsible of the formation of numerous meta-stable and radical 
species within the gas phase, as well as disordered nano-crystalline graphite particles. 
The physico-chemical mechanisms responsible of the formation of these radicals have 
been described previously [3]. At low voltage, below 1000 V, only low weight radical 
species, such as hydrogen, methyl, ethyl and hydroxide radicals, have been produced 
by the plasma discharge due to the dissociation of ethanol in the plasma channel. The 
high temperature (750-1000 K) induced by the abnormal glow discharge leads to the 
pyrolysis and thermal decomposition of the ethanol vapour. This pyrolysis and 
thermal decomposition are responsible for the production of nano-crystalline graphite 
particles which are deposited at the surface of the substrate forming an sp2 bonded 
carbon film. In the meantime, the physical adsorption and implantation of the low 
weight radical species come to the formation of a carbon phase composed of slightly 
oxidised sp2 and sp3 bonded carbon.  
At 1000 V, the glow discharge induces the formation of heavy radicals 
containing hydroxyl, carbonyl and carboxyl groups [3]. These radicals will be 
anchored or implanted at the surface of the heated substrate leading to the formation 
of highly oxidised carbon films as observed for the sample produced at 1000 V.  
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At higher voltage (1200 V), the heavy radical species are still produced in high 
quantity during the glow discharge stage. However, the high temperatures induced by 
the plasma discharge, especially during the micro-arc discharge stage where the 
neutral and positive ion temperatures are very high, are responsible of deoxygenation 
and graphitisation of the pre-deposited oxidised carbon film. The relative 
concentration of sp2 bonds then increases significantly, while the quantity of 
amorphous and sp3 carbon bonds decreases, as observed in the XPS and UV Raman 
spectra. The carbonyl and carboxyl groups can be observed at 1200 V but at a lower 
quantity than at 1000 V due to the deoxygenation processes. 
The XPS and UV Raman characterisation show as well the importance of the 
ion implantation, sputtering and thermal adsorption/desorption on the overall 
deposition process, leading to a small concentration of substrate species within the 
coated film. 
6.2 The dielectrophoretic and cataphoretic deposition mechanism 
The introduction of small particles in the solution (by using again an old one having a 
large amount of carbon particles) shows that the solid species are submitted to strong 
movement. Due to the strong electric field close to the cathode and thus to the high 
electric field gradient between the two electrodes, the solid species are submitted to 
dielectrophoretic forces.  
Dielectrophoresis is defined as the motion of matter caused by polarisation 
effects in a non-uniform electric field [15]. For a discrete particle (small comparing to 
the spatial evolution of the electric field), the dielectrophoretic force can be written:  
2
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where ε1 and ε2 are respectively the relative permittivity of the liquid solution 
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and the discrete particle and R the particle radius.  
This force is proportional to the gradient of the square of the electric field and 
to the cube of the particle radius. In our configuration, we can write the 
dielectrophoretic force as: 
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with  r1: cathode radius 
 r2: anode radius 
 V1: cathode electric potential 
 V2: anode electric potential 
The relative dielectric constant of graphite particles and ethanol are 
respectively 15 and 26. From equation 3, we can then notice that the dielectrophoretic 
force is always directed outward the axis, whatever the polarity of the central 
electrode. This dielectrophoretic force is thus not responsible of the deposition of 
graphite on the axial substrate. A large amount of black carbon deposit has however 
been observed on the anode, due to this dielectrophoresis phenomenon.  
The treatment of a pre-used ethanol solution, composed therefore of a large 
amount of graphite particles, has been performed to characterise the influence of the 
cataphoretic mechanism on the deposition process. This solution has been treated for 
20 minutes at 700 V which corresponds to conditions where the cathode is surrounded 
by a vapour sheath but not submitted to a plasma discharge. We are then able to study 
the influence of the only electric field on the deposition. After 20 minutes, the cathode 
is covered along all of its surface by small graphite particles (figure 11). This result is 
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very different from the tests where a freshly prepared ethanol solution is used: in this 
last case, working at 700 V without plasma discharge, no coating has been observed. 
The electric field at the vicinity of the cathode reaches a value of 182 kV m-1 and is 
sufficient to ionise the carbon particles initially present in the solution or in the vapour 
phase. These ionised carbon particles are then deposited by cataphoresis at the surface 
of the substrate.  
7 Field emission of the carbon coating 
To study the field emission properties of the carbon films produced with the 
Atmospheric Pressure Plasma Deposition process, the same plasma reactor was used: 
a carbon coated sample, previously prepared by APPD at 1000 V, was immersed in a 
freshly prepared ethanol solution and submitted to a voltage of 1000 V with a ramp 
rate equal to 3 Vs-1. The current characteristics were then recorded and compared with 
the current characteristics of an uncoated titanium sample treated under the same 
conditions. The results are presented in figure 12. 
From figure 12, we can notice that the current intensity increases in all phases 
with the presence of the carbon coating. This increase can mainly be explained by the 
increase of the electron emission from the cathode. As the current intensity is higher, 
the joule heating of the solution becomes greater and the initiation of the vapour 
sheath appears sooner and at a lower voltage (460 V versus 475 V for the uncoated 
cathode). The significant difference lies during the plasma stage. The first discharge 
appears then for the carbon coated cathode at a voltage being 100 V lower than for the 
uncoated cathode. The shape of the vapour sheath and the nature and energy of the 
ions within the vapour sheath is identical for the two tests. The decrease in breakdown 
voltage can therefore be explained by the enhancement of the electron flux from the 
cathode which furthers the avalanche process leading to the initiation of the plasma 
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discharge.  The mean current intensity, a reflection of the plasma discharge intensity, 
increases from 240 mA for the uncoated cathode to 320 mA for the carbon coated 
cathode. This increase can similarly be explained by the increase of the electron 
emission with the presence of the carbon film. 
The nano-crystalline graphite films produced by APPD process enhances the 
intensity of the plasma discharge by 30 % by increasing the electron emission of the 
cathode. This property can find some advantageous applications in solid-state 
electronic devices for the production of cold and high field emission cathodes. 
8 Conclusion 
The Atmospheric Pressure Plasma Deposition process is a promising plasma 
electrolytic procedure, which has been successfully used for the production of nano-
crystalline graphite films with different structure and composition. The formation of a 
nano-crystalline graphite film by plasma electrolysis is the consequence of several 
deposition mechanisms occurring simultaneously. The abnormal glow discharge 
initiated all along the cathode by the high electric field in the vapour sheath induces 
the decomposition and dissociation of the ethanol vapour and solution. This leads to 
the production around the cathode of graphite nano-particles and carbonaceous 
reactive radicals. The graphite nano-particles are deposited at the surface of the 
substrate by plasma deposition or cataphoresis. The carbonaceous reactive radicals are 
chemically adsorbed on this surface. The ion irradiation and the high temperature 
within the plasma discharge results as well in sputtering and overheating of the 
substrate. These deposition processes produce a nano-crystalline graphite film, 
partially disordered and oxidised. The applied voltage plays an important role on the 
structure of the film since it governs the dissociation, adsorption/desorption, ion 
irradiation and temperature amplitude. For voltages below 900 V, in our 
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configuration, the electric field is too low to initiate a plasma discharge all along the 
substrate and create an adherent film. The film produced at 900 V is the most 
graphitised and ordered coating produced with this technique, with the lowest 
concentration of oxidated carbon.  Increasing the voltage enhances the deposition of 
oxidated carbon and inserts disorders and defects in the graphite structure.  
This graphitic coating presents a higher field emission than the bare substrate, 
which allows to enhance significantly, for the same applied voltage, the intensity of 
the plasma discharge. These electrical properties offer some interesting technological 
applications for these nano-graphitic coatings, especially for use as high field 
emission cathodes in solid-state electronic devices. 
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CAPTION OF FIGURES 
Figure 1: Scheme and picture of the plasma reactor. 1: Cathode support, 2: Anode, 
3: Jacketed glass vessel, 4: Water inlet, 5: Teflon shield, 6: Solution addition, 
7: Thermometer, 8: Solution sampling system, 9: Gas exhaust, 10: Treated  Cathode 
 
Figure 2: Evolution of voltage and electric current with time for an ethanol solution 
treated at 1000 V (voltage ramp rate: 3V/s) 
 
Figure 3: Visible Raman spectra for carbon films produced by APPD at: (a) 900 V, 
(b) 1000 V, (c) 1200 V 
 
Figure 4: UV Raman spectra of the carbon samples produced at: (a) 900 V, (b) 1000 
V, (c) 1200 V 
 
Figure 5: Analysis of the XPS C1s peak of the carbon films produced at (a) : 900 V, 
(b) : 1000 V, (c) : 1200 V 
 
Figure 6: SEM pictures at low magnification (× 1000) of carbon films produced for 
2400 s at: (a) 900 V, (b) 1000 V, (c) 1200 V 
 
Figure 7: SEM pictures at high magnification (× 4000) of carbon films produced for 
2400 s  at: (a) 900 V, (b) 1000 V, (c) 1200 
 
Figure 8: SEM pictures of the cross section of the carbon films produced for 2400 s 
at: (a) 900 V, (b) 1000 V 
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Figure 9: EDX spectrum of the cross section of the carbon film produced at 1000 V 
 
Figure 10: SEM picture of the carbon film produced at 1200 V during 1200 s 
 
Figure 11: Carbon deposit on titanium substrate for an ethanol solution pre-
conditioned at 1000 V and treated at 700 V for 1200 s 
 
Figure 12: Current characteristics for carbon coated cathode treated in a freshly 
prepared ethanol solution at 1000 V with a voltage ramp rate of 3 V.s-1 
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CAPTION OF TABLES  
 
Table 1: Position of D and G peaks, intensity ratio of the two peaks and FWHM of the 
G peak as a function of the applied voltage  
 
Table 2: Atomic concentration of the different elements detected by XPS as a function 
of the applied voltage  
 
Table 3: Position and nature of the different C1s peaks identified at 900 V, 1000 V 
and 1200 V 
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TABLES 
Table 1 
 900 V 1000 V 1200 V 
D peak (cm-1) 1327 1327 1328 
G peak (cm-1) 1588 1596 1586 
ID/IG 1.61 1.24 1.75 
FWHM of G peak 
(cm-1) 
122 80 77 
 
 
 
 
 
 
 
Table 2 
 900 V 1000 V 1200 V 
C 79.83 44.01 56.66 
O 11.66 33.12 24.45 
K 6.43 20.15 17.13 
Cl 0.73 1.86 1.66 
Ti 1.32 0.85 0.11 
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Table 3 
 Appl. voltage  Peak 
Name 
Energy 
(eV) 
Chemical bond 
900 V 
(at. conc.) 
1000 V 
(at. conc.) 
1200 V 
(at. conc.) 
C1 283.6 Disordered 
graphite 
- - 31.83 
C2 284.1 Graphite (sp2) 60.49 19.63 16.47 
C3 285.2 Disordered 
graphite or C-C 
(sp3) 
24.15 46.68 27.96 
C4 286 C-O 7.72 13.59 8.40 
C5 287 C-N or polymer 
like carbon 
3.68 4.23 3.77 
C6 288 C=O 3.93 9.51 7.09 
C7 289.48 O-C=O - 6.37 4.45 
 
 
 
